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Abstract  
Using the characteristic that most metal can burn in oxygen, put forward a new high-efficiency process that deals with the difficult-to-cut 
materials multi-function electrode EDM-induced ablation machining technology. Design the multi-function electrode and inject high-pressure 
oxygen and dielectric fluid rush to the machining area through it, then the gas and liquid are mixed as processing medium. During the machining 
process, first, surface material is removed by the electric spark discharge, which induces the combustion reaction between the metal and oxygen , 
generates very large amounts of combustion heat. Second, the combustion heat melts the difficult-to-cut metal and then turns the combustion 
reaction into a high-efficiency ablation reaction which is controlled by the density of the oxygen bubble dispersed by high-pressure water. The 
water-oxygen mixed medium is helpful for the interpolar deionization between the electrodes and the elimination of reaction products. Experiment 
has been conducted on machining titanium by combining this new technology with traditional electrical discharge turning (EDT).  The result shows 
that the machining efficiency of this method can reach to 313mm3/min which is 4.3 times of the normal EDT machining efficiency. The 
experiment also shows that the machining efficiency heavily relies on the polarity effect during ablation process, the positive polarity machining 
efficiency is far higher than the negative polarity processing, and that the gas and liquid pressure difference should be controlled under a certain 
range. The characteristic of the combustion-material removal process with the multi-function electrode is also analyzed in this article. 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of Professor Bert Lauwers  
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Electrical discharge machining (EDM) technology is 
widely used in aviation, spaceflight, instrument, meter, 
and other industrial fields as an important method of 
non-traditional machining. But the development and 
application of EDM technology are always restricted for 
its low processing efficiency [1]. Therefore, domestic 
and international researchers made improvement and 
innovation on the EDM technology from different 
perspectives: Professor Masanori Kunieda of Tokyo 
University of Agriculture and Technology in Japan used 
water as dielectric fluid and injected oxygen into the 
discharge area during EDM, increased the discharge 
frequency and meanwhile improved the material 
removal rate (MRR) [2]. He also made another EDM 
experiment which used gas instead of liquid medium [3]. 
Li Liqing of Harbin Institute of Technology carried on 
the thorough researches about the discharge mechanism 
of EDM and EDM milling in oxygen [4]. Tang 
Chuanjian and Kang Xiaoming of Shanghai Jiaotong 
University achieved higher processing speed and better 
surface quality by the experimental study and 
mechanism analysis of submersed gas-jetting EDM [5].  
EDM uses the energy of the spark discharge between 
the electrodes to process work-piece, but its energy 
utilization rate is low, generally less than half of the total 
energy. Therefore enhance the output energy of power to 
improve the processing efficiency, the energy loss 
become more as the output energy increases.  
1. Experimental condition and result 
1.1. Method put forward 
In order to solve the outstanding issues which 
constrain the development of high-efficiency EDM, such 
as low utilization rate of energy and low processing  
efficiency, we put forward a new EDM method named 
EDM-induced combustion-material removal process 
with multi-  by using the characteristic 
that most of the metal can burn with oxygen and release 
combustion heat. We inject oxygen into the machining 
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area through the multi-function electrode, then the 
processing efficiency can be improved by the heat of 
combustion reaction of metal with oxygen. 
1.2. The processing principle and structure of multi-
function electrode 
Multi-function Electrode
Dielectric  fluid
Oxygen
Products of  electricl
erosion and melting
Melting areaWork-piece
Oxygen
Bubble
 
Fig.1 The processing principle of multi-function electrode 
Fig.1 shows the processing principle of the EDM-
induced combustion-material removal process by the 
multi-function electrode. The high-pressure dielectric 
fluid and oxygen are respectively injected into the 
machining area through the dielectric fluid channel and 
the oxygen channel of multi-function electrode. 
Dielectric fluid shock and disperse oxygen to the  
uniform oxygen bubbles, and rush to the machined 
surface together. The spark discharge produces high 
temperature in the surface of work-piece which can 
ablate material, meanwhile forms the external heat 
source to ignite the material in the oxygen bubbles, then 
the material is consumed and melted further under the 
combustion heat, thus the MRR is improved. Just as this 
method introduces the huge combustion heat as a new 
processing energy, the high-efficiency machining is 
achieved. 
 Fig.2 shows the process system of multi-function 
electrode. Multi-function electrode is constituted by the 
inner bundled multi-function electrode and external 
shell. The bundled multi-function electrode is made up 
of a hollowly big copper pipe and amounts of small 
copper pipes in it. The inner small copper pipes and the 
space among the pipes connect with the dielectric fluid 
entrance and oxygen entrance of external copper pipe 
respectively, then the channels of dielectric fluid and 
oxygen are formed which could reach to the machining 
area directly. The motor drives the work-piece to do 
rotating motion, and the multi-function electrode is 
driven by the machine tool spindle to do the three-
dimensional turning movement. 

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4.  Multi-function  electrode    5.  Work-piece  6. Back centre  
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Fig.2 The process system of multi-function electrode 
1.3. The fundamental test of the combustion-material 
removal process 
     
Fig.3 The scene of combustion-material removal turning machining 
In order to research the influence of the ablation 
effect to processing efficiency and its polarity effect, the 
contrast tests about the normal EDT and the combustion-
material removal process of different polarity were 
carried out with the Beijing Ninghua NH7125 CNC 
EDM machine and the processing system of multi-
function electrode as is shown in the Fig.2. The work-
piece material is TC4 and the experimental parameters 
are shown in the Table 1. Fig.3 shows the scene of the 
positive polarity ablation turning machining.  
Table 1 Experimental Parameter 
Group Polarity Electrode 
external 
diameter (mm) 
Electrode 
revolving speed 
(rpm) 
Interval 
voltage 
(V) 
Average 
current 
(A) 
Pulse 
width 
( ) 
Pulse 
Interval 
( ) 
Oxygen 
pressure 
(MPa) 
Hydraulic 
pressure 
(MPa) 
Normal EDT Positive 12 600 60 17 800 100 0 0.1 
Ablation Positive 12 600 110 16 800 100 0.1 0.1 
Ablation Negative 12 600 110 16 800 100 0.1 0.1 
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1.3.1. The effect of the ablation on machining 
As is shown in the Fig.4, the processing efficiency of 
positive polarity ablation machining is 313.02mm3/min, 
which is 4.3 times of the normal EDT (72.15mm3/min) 
in the same machining parameters. The Fig.5 shows that 
the relative electrode wear ratio by volume of positive 
polarity ablation machining is 1.4%, which is about 1/3 
of the normal EDT (3.9%). Therefore, the ablation effect 
can enhance the processing efficiency and reduce the 
relative electrode wear ratio.  
 
  Fig.4 The processing efficiency contrast of the three machining  
 
Fig.5 The relative electrode wear ratio by volume of the three 
machining 
 
Fig.6 Normal EDT wave form 
 
Fig.7 Positive polarity ablation machining wave form  
Contrast Fig.6 and Fig.7, the discharge wave form of 
the ablation machining is similar with the normal EDT 
and the discharge voltage remains stable, which means 
the spark discharge plays a stable role during the 
ablation machining and the discharge energy utilization 
rate is higher. Some irregular variations shown in the 
current wave form of the ablation machining indicate 
that the ablation effect has influences on the discharge 
status that the discharge channel may be blocked by the 
combustion reaction which leads to the discharge point 
shift and disperse. Transferring or reinstituting the 
discharge channel is helpful for inducing the ablation to 
occur and avoiding arcing. The change of discharge 
status affects the increase of the discharge current, so the 
average discharge current of the ablation machining is 
lower than the EDT  The open-circuit voltage will 
increase as the interval conductivity decreases. As 
shown in the Table 1, the open-circuit voltage of 
ablation machining is apparently higher than that of the 
normal EDM. That is to say amounts of oxygen mix into 
the water between the electrodes which leads to the 
interval conductivity decreases. So the electrical- 
discharge of ablation machining occurs in the gas-liquid 
mixed medium. 
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1. Normal EDT    2. Positive polarity ablation    
3. Negative polarity ablation 
Fig.8   The machined surface in different processing conditions 
The machined surfaces in the different process 
conditions are shown in Fig.8, and the picture indicates 
that the machined surface of the normal EDT is clean 
(A), that's because the discharge occurs in the dielectric 
fluid which leads to the surface oxidation phenomenon is 
not obvious. Unlike the normal EDT, the positive 
polarity ablation machining presents grey-black and 
many of the ablation holes in the machined surface (B), 
meanwhile the recast phenomenon of the molten and 
splashed material is obvious on the margin of the 
machining area. That is to say the discharge mainly 
occurs in oxygen bubbles in where the work-piece 
material burns with oxygen and produces gray-black 
oxidation products, meanwhile amounts of melted 
material sputters from the machined surface and after 
that the ablation holes are formed in the surface. 
Contrasting from the Fig.8, the ablation holes of the 
machined surface of negative polarity machining are 
unobvious and the surface is smoother. There is the 
certain oxidization, but no obvious ablation holes (C), 
which means the ablation has an effect on the negative 
polarity, but the effect is limited. 
1.3.2. The polarity effect of the ablation machining 
 
Fig.9 The machined surface micro-morphology of positive polarity 
ablation machining 
 
Fig.10 The machined surface micro-morphology of negative polarity 
ablation machining  
The experiment data shown in the Fig.4 and Fig.5 
indicates that the processing efficiency of the positive 
polarity ablation machining is 313.02mm3/min which is 
almost 3 times of the negative polarity ablation 
machining (111mm3/min), and the relative electrode 
wear ratio by volume is the 1/4 of the latter, which 
means the ablation machining has obvious polarity effect 
and the positive polarity machining is more suitable to 
be adopted. Just as the machined surfaces in Fig.8, the 
ablation effect on the positive polarity electrode is far 
greater than that on the negative electrode.  
Fig.9 and Fig.10 show the micro-morphology of 
machined surface of positive and negative polarity 
ablation machining respectively. The micro-holes and 
micro-craters on the machined surface are formed by the 
combustion of TC4 material with oxygen. Contrast Fig.9 
and Fig.10, the ablation micro-holes and the recast 
phenomenon of the positive polarity machining are 
obvious which indicates the combustion reaction is 
violent and the ablation effect mainly occurs in the 
positive electrode surface. Hence, the increase of 
ablation machining efficiency is induced by the 
combustion reaction of TC4 material with oxygen and 
the melt effect of combustion heat to the TC4 material. 
2. Mechanism analysis  
Because the EDM-induced combustion-material 
removal process by multi-function electrode uses the 
gas-liquid mixture as dielectric medium, and introduces 
the combustion reaction and combustion heat as new 
energy, the interpolar status and machining process are 
quite different from the normal EDT. So it is necessary 
to analyze the mechanism of the ablation machining. 
2.1. Spark discharge firstly and mainly occurs in the 
oxygen bubbles 
 
Fig.11 Electric field distortion of ablation processing 
The dielectric fluid and oxygen strike with each other 
in the processing area to form the mixed medium, and 
the ablation machining conducts in it. In order to analyze 
more simply, assume the bubbles are homogeneous 
between the two electrodes, especially nearby the 
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surface of work-piece, and the interpolar electric field is 
the uniform electric field. According to the dielectric 
theory, the electric intensity would be refracted and 
distortional as it passes through the interface of two 
mediums. When put a globule which the dielectric 
coefficient is 2 into the uniform electric field E1 
(dielectric coefficient is 1), the electric intensity E2 
inside the globule is also the uniform electric field [6]. 
There exits oxygen bubbles attached to the work-piece in 
the dielectric fluid, and as shown in Fig.11, E1 and E2 are 
separately the electric field intensity in water and 
oxygen. 1 is 78.5(25
, 2 is 1, then E2 should 
be: 
E2 1 1/ 2 1) =1.49 E1 
The electric intensity inside the oxygen bubbles E2 is 
greater than that inside water E1 and the anti-breakdown 
ability of gas (106V/m) is far less than liquid (108V/m), 
so gas is always be breakdown firstly. And during the 
entire processing, the oxygen bubbles renewal 
continuously, so the spark discharge firstly and mainly 
occurs in the oxygen bubbles. 
2.2. The microscopic discharge process is mainly 
electronic effect 
As is mentioned above, during the ablation 
machining, the spark discharge firstly and mainly occurs 
in the oxygen bubbles. When the gas medium ionizes 
under the effect of electric field, electrons are 
accelerated by electric field and head toward the positive 
electrode. The   impact ionization occurs when the 
accelerated electrons hit against the gas molecule, then 
the electron avalanche is formed and rapidly develops 
into streamer corona discharge, the discharge channel is 
established. Migration rate of electron is two orders of 
magnitude bigger than that of ion [7]. Therefore the ion 
mainly stays near the positive polarity electrode and 
moves toward negative polarity electrode slowly at the 
beginning of the forming of discharge channel. The 
characteristic that the breakdown of gas occurs easily 
also weakens the effect that the ion bombards the 
negative polarity electrode. So the anode surface obtains 
more energy than the cathode surface. And the formation 
of discharge channel in liquid is also mainly electronic 
effect. Therefore, the micro-process of ablation 
machining which takes gas-liquid mixture as dielectric 
medium is mainly electronic effect, and the spark 
discharge erosion effect mainly occurs in positive 
electrode surface, and the ablation also mainly occurs in 
positive electrode, then further enhances the removal 
effect to the positive polarity electrode and makes the 
ablation processing to present strong polarity effect 
shown in Fig. 4, Fig.8 and Fig.9. 
2.3. Ablation processing should be conducted in a 
certain pressure dielectric fluid and oxygen 
On the one hand, the metal combustion process and 
the oxidation process are both the reactions between 
metal and oxygen: 2yM + xO2 2MyOx 
Oxidation is a slowly chemical reaction; the 
combustion is a new equilibrium state after fired. The 
combustion process of metal is as follows: 
1. The external heat source provides enough quantity 
of heat for metal to promote the chemical reaction to 
proceed accelerated. 
2. Oxygen molecules react with the metal surface 
material, and release quantity of heat.   
3.  The sustained combustion of the metallic 
materials. Ti+O2=TiO2, the titanium combustion is an 
exothermic reaction. The heat released H0 is 9.12
105J/mol [8]. Heating TC4 from the temperature 20  to 
the melting temperature 1668  would need heat of 
Hp0. The melting heat of titanium is Hm0=20.92
103J/mol [9]. The specific heat capacity of TC4 is  
Cp=33.674J  (mol ) -1, then  
Hp0 = Cp
 
 (1668-20) =55494.75(J/mol) 
H0/ ( Hp0 +Hm0) =11.94 
 Thus, take 1mol titanium for adiabatic combustion, 
the energy that generated can make the 11.94mol 
titanium from 20  rise to 1668  instantly and melt. A 
large amount of heat released by combusting titanium 
can make the surface material around combustion 
position to melt largely.  
From the above analysis, the oxygen and external 
heat source are the premise and necessary condition for 
metal's combustion. The spark discharge supplies the 
external heat source for the ablation reaction to ignite 
TC4 material in the oxygen bubbles and make the TC4 
material burn with oxygen. And in order to keep burning, 
the enough oxygen as combustion improver should be 
needed. That is to say the ablation processing should 
proceed under a certain oxygen pressure.  
On the other hand, under the condition of sufficient 
oxygen, the combustion reaction proceeds continuously 
after beginning which will make the process out of 
control. The dielectric fluid can end the combustion 
reaction, cool and deionize the interpolar clearance, 
which make the process stable and controllable. 
Injecting high-pressure water into the process area by 
function electrode to impact the high-pressure oxygen in 
the process area, the well-distributed bubbles will be 
formed in the process area, which turns the sustained 
combustion reaction into the micro ablation in a single 
bubble. When the combustion reaction uses up the 
oxygen in bubble, the reaction will be terminated 
automatically, thus the combustion become controllable. 
Therefore, to achieve a controllable combustion reaction, 
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the working should proceed under the certain pressure of 
dielectric fluid and oxygen.  
2.4. The mechanism and processing process analysis of 
combustion reaction 
According to the experiments and analysis, the EDM-
induced combustion-material removal process by multi-
function electrode can divides into two parts: EDM 
discharge removal and combustion-material removal. 
The discharge waveform shows that the spark discharge 
of the ablation machining is stable and efficient. The 
combustion-material erosion consumes and melts the 
work-piece material by the combustion reaction of 
material and oxygen and their combustion heat. The 
mechanism is as follows: 
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Fig.12 The principle diagram of EDM-induced combustion of TC4 
First, form ablation process environment, establish 
the discharge channel and remove the work-piece 
material. As is shown in Fig.12 (a), inject dielectric fluid 
and oxygen into processing area by multi-function 
electrode, and they impact with each other, the well-
distributed oxygen bubbles rush toward the processing 
surface in dielectric fluid, establish the combustion 
reaction environment. Under the action of pulse power 
supply, the discharge breakdown firstly and mainly 
occurs in the oxygen bubbles, and forms the discharge 
channel between the two electrodes. The second is the 
discharge forms the external heat source and induces the 
combustion reaction. As is shown in Fig.12 (b), the high-
temperature produced by discharge remove the work-
piece material, at the same time forms the external heat 
source which ignites the work-piece material, meanwhile 
the combustion heat melts the work-piece material and 
leads to the combustion continuously, so the removal 
efficiency is improved. 
 The third step is ending of combustion reaction and 
elimination of the resultant. As is shown in Fig.12 (c), 
when oxygen in the micro bubbles is used up, the 
dielectric fluid ends the combustion reaction, the 
combustion products and molten work-piece material 
will be released into the dielectric fluid. 
The fourth is the updating of dielectric fluid and 
oxygen. As is shown in Fig.12 (d), high-pressure oxygen 
and dielectric fluid remove the spark erosion resultant 
and combustion resultant out of the interpolar gap, the 
new dielectric fluid and oxygen enter into the processing 
area, promote the interpolar deionization, refresh the 
reaction medium, and prepare for the next combustion 
reaction. 
3. Conclusions 
1) The processing efficiency of positive polarity 
ablation machining is high to 313.02mm3/min which is 
the 4.3 times of that of the normal EDT. Compared with 
the normal EDT processing, the ablation machining 
introduces the combustion reaction and combustion heat 
as new processing energy, improves the processing 
efficiency.  
2) There exists obvious polarity effect in the ablation 
processing, and the positive polarity processing 
efficiency is high, the relative electrode wear ratio by 
volume is low. 
3) The spark discharge firstly and mainly occurs in 
the oxygen bubbles during combustion processing, the 
micro process is mainly the electronic effect. 
4) The ablation machining reduces the energy 
consumption and the dependence of dielectric fluid 
which is helpful for green manufacturing. 
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